We proposed two approaches to compute Mann-Whitney parameter based initial dissimilarities for the Ensemble Algorithm for Clustering Cancer Data (EACCD). These two approaches are nonparametric and produce robust prognostic systems. The breast cancer data from the Surveillance, Epidemiology, and End Results (SEER) Program of the National Cancer Institute were used to demonstrate these two approaches. Results showed that our proposed methods generated prognostic systems with a comparable performance to the AJCC's cancer staging system.
INTRODUCTION
Cancer staging systems play an indispensable role in cancer medicine as they provide critical prognosis and guide treatments for cancer patients. The TNM staging system [1] based on three anatomic factors -tumor size (T), regional lymph nodes (N), and distant metastasis (M) is universally used for staging of solid tumors. However, the TNM staging system faces three challenges with the rapid evolution in biology and data science to generate big data. First, although many prognostic factors have been effective in estimating patient outcome, it is almost impossible for the TNM staging system to accommodate them. Second, the systems cannot be used if 1) any of the required factors are not available or have not been recorded; 2) levels of the factors have different definitions from those called for in the TNM; and 3) an alternative total number of stages is needed. Third, the approach for establishing acceptable TNM systems is unlikely to be initiated by researchers without a medical background as the rules for generating them require knowledge of clinical and pathologic correlations.
The EACCD [3, 4] was developed to overcome these disadvantages. The algorithm can incorporate any number and type of prognostic factors and create a user-defined prognostic system rapidly and with minimal cost. The diversified choices of prognostic factors not only enable the prognostic system to fulfill varying requirements for the clinic but also to advance the precision of cancer outcome prediction. As a purely data-driven algorithm, the EACCD is specifically designed for cancer prediction and takes advantage of big data in estimating patients' survival. The original EACCD system was based on test statistics designed to measure differences between survival distributions. It has been argued that effect size-based estimates yield more consistent results under different data environments than test statistics and hence produce more robust prognostic systems [16] . This paper introduces a modified version of the EACCD that is built on estimates of a commonly used effect size-the Mann-Whitney parameter.
The paper is organized as follows. In Section II, we describe the data used in the experiments, the EACCD algorithm, and two approaches for estimating the Mann-Whitney parameter for computing initial dissimilarities in the EACCD. In Section III, we create prognostic systems by using the two approaches and compare them with the TNM staging system. In Section IV, we conclude with a discussion of the proposed approaches. factors selected to construct our prognostic systems. Records with missing values in survival time, or censoring indicator, or any of the three factors were removed before analysis. For distant metastasis, only M0 (no evidence of metastasis) was considered. The years of diagnosis for patients were limited to 1990-2003 because: 1) the scheme of recording the T, N, M factors by SEER changed in 2004; 2) a long (at least 12 years) follow-up study until 2015-the last follow-up year in SEER's latest 2018 release-is achieved by using patients diagnosed in this period.
Patients can be grouped into combinations of levels of T, N, and M in Table 1 based on the 6th AJCC Cancer Staging Manual [6] . For example, patients with tumor size identified as T1 and regional lymph nodes positive for metastatic tumor identified as N2 are grouped together and denoted by T1N2. Combinations that contain fewer than 100 patients were excluded. (Two combinations were dropped.) The resulting dataset contained 17 combinations with a total of 311657 cases.
EACCD
The EACCD is a data-driven algorithm that clusters combinations into manageable risk groups. It consists of 3 main steps:
Finding Initial Dissimilarities.
A statistic is chosen to measure the initial dissimilarities between survival functions of any two combinations. The measure should be 1) non-negative; 2) symmetric; 3) positively correlated to the magnitude of the difference between two survival distributions. A difference between two survival functions may be computed in many ways. In this paper, we compute the difference by |P(T 1 > T 2 ) − 0.5|. Here P(T 1 > T 2 ) is the Mann-Whitney parameter with T 1 and T 2 denoting the survival times in two populations, respectively.
Finding Learned
Dissimilarities. The initial dissimilarities are improved through an ensemble learning process. Different clustering algorithms are applied with the initial dissimilarities to cluster the combinations. The learned dissimilarities are obtained by integrating the clustering results. In this paper, the two-phase Partitioning Around Medoids algorithm [12] is used to obtain the learned dissimilarities [9] . It has been demonstrated that prognostic systems created on the basis of learned dissimilarities are superior to those based on initial dissimilarities only [14] .
2.2.3
Applying Hierarchical Clustering Analysis. The complete linkage method [8] is then applied to the learned dissimilarities in order to hierarchically cluster all combinations. The process of hierarchical clustering is visualized by a dendrogram.
The dendrogram is then cut horizontally to generate prognostic groups that serve as the same role as the staging groups in the TNM. Cutting the dendrogram is done in view of the C-index [7] , which estimates the probability that a patient who experienced an event (e.g., death) in an earlier time had a shorter predicted time than a patient who experienced the event in a later time. In general, the Cindex can be used to find the optimal number of the groups (denoted by n*) for the prognostic system, which balances the simplicity and the accuracy of the system. Survival curves using the Kaplan-Meier estimates [11] are plotted for the prognostic groups to evaluate survival. The final prognostic system includes the dendrogram, the group assignment, and the survival curves for the prognostic groups.
Estimating the Mann-Whitney Parameter
The Mann-Whitney parameter arises from the widely used Mann-Whitney test [13] that examines whether one of two random variables is stochastically larger than the other. Let T 1 and T 2 serve as the variables of patients' survival from population 1 with survival function S 1 (t) and population 2 with survival function S 2 (t), respectively. The Mann-Whitney parameter P(T 1 > T 2 ) is the probability that a randomly selected patient from population 1 will have a greater survival time than a randomly selected patient from population 2. The Mann-Whitney parameter can be calculated in terms of the survival functions in two independent populations as follows.
where f 1 and f 2 are the probability density functions of failure times in two populations.
For survival data, an estimate of P(T 1 > T 2 ) can be obtained by using the Kaplan-Meier estimates S 1 and S 2 [11] for S 1 and S 2 , respectively, i.e.,
Note that D is equivalent to Efron's W statistic [5] used to detect the difference between two populations. Calculating D requires the knowledge of S 1 (t) and S 2 (t) from t = 0 to infinity whereas the Kaplan-Meier estimates are only available to the largest study time. In this paper, we will use two methods to compute D: 1) completing the survival functions with exponential tails; 2) estimating P(T 1 > T 2 ) conditionally on observed data. [2] suggested estimating S(t) by an exponential curve going through two points (0, 1) and (t max , S(t max ) beyond the largest study time t max . The exponential tail assumes a constant hazard beyond the largest study time t max . Note that the stochastic order of two distributions with non-crossing survival functions will not change by adding the exponential tails since the tails do not cross.
Estimating Mann-Whitney Parameter by Completing the Survival Functions with Exponential Tails. Brown, Hollander, and Kowar
Let t max 1 , t max 2 be the largest observed times (either censored or death times) in group 1 and group 2, respectively. Write D into 3 parts:
is a right-continuous, nondecreasing step function having jumps at x 1 , x 2 , . . ., then for any function f (·), the Lebesgue-Stieltjes integral is defined as
Let t 1 , t 2 , . . . be the distinct death times from both group 1 or group 2. Then by the definition of the Lebesgue-Stieltjes integral,
If we use survival functions of exponential distributions going through two points (0,1) and (t max , S(t max )) to complete tails for S 1 and S 2 , i.e., S 1 (t) = e −t /λ 1 for t > t max 1 and S 2 (t) = e −t /λ 2 for t > t max 2 with λ i = −t maxi /loд( S i (t maxi )) for i =1, 2, then part B becomes:
where t j (f ) and t j (l ) are the first and last t j such that t max 2 < t j < t max 1 and part C becomes
Consequently D can be rewritten as
D e is an estimate of P(X > Y ) when completing survival functions with exponential tails.
Estimating the Mann-Whitney Parameter P(T 1 > T 2 )
Conditionally on Observed Data. P(T 1 > T 2 ) can be estimated conditionally on the observed data. Specifically, we can estimate P(T 1 > T 2 ) by
where τ is a preset time point before which we have the knowledge about S 1 and S 2 . In fact, we have the following Claim:
Note that | D c − 0.5| is symmetric and thus can be used as a measure of dissimilarity. Also note that τ is a constant that should be less than or equal to any combination's largest observed time. In this paper, τ is set to be the minimum of all combinations' largest observed times.
For both approaches of estimating the Mann-Whitney parameter, we take the average of the estimates of |P(T 1 > T 2 ) − 0.5| and |P(T 2 > T 1 ) − 0.5| as the initial dissimilarities between two combinations in EACCD. We use EACCD-D e and EACCD-D c to represent the EACCD when D e and D c are employed to obtain the initial dissimilarities, respectively.
RESULTS
We applied EACCD-D e and EACCD-D c to the dataset described in Section 2.1 to produce two prognostic systems on the basis of T, N, and M. The systems were then compared with the TNM staging system in the 6th AJCC Cancer Staging Manual [6] . This specific Table 2 .
edition of the mannual was selected because it defines the levels of the factors in Table 1 . There were 17 combinations each having a minimum of 100 patients and their Kaplan-Meier curves are plotted in Fig. 1 .
As shown in Table 2 , the TNM divides these 17 combinations into 7 groups whose survival curves are plotted in Fig. 2 . This grouping generates a C-index of 0.7265. In order to compare our systems to the TNM, the number of prognostic groups in our prognostic systems was also set at 7 by cutting the dendrograms at specific levels of dissimilarities ( Fig.3(c) and (d) ). Seven is a valid group number as C-indices for our two approaches have reached their maximum at 7 groups (Fig. 4) . The C-indices for EACCD-D e and EACCD-D c at n*=7 are 0.7267 and 0.7270, respectively.
The prognostic systems generated by two approaches (Fig. 3 ) are similar in terms of 1) the C-index values, 2) the structure of the dendrograms, and 3) the pattern of survival curves of prognostic groups. Both systems are reasonable by inspecting the relationship between survival curves of all combinations (Fig. 1 ).
DISCUSSION
In this paper, we proposed two modified EACCD algorithms that use the Mann-Whitney parameter as measures of initial dissimilarities between survival functions. As non-parametric statistics, D e and D c do not place strict assumptions on the distribution of survival and consequently can adapt to many situations. The estimates of the Mann-Whitney parameter are similar to Efron's W statistic, but take special care of the tail part of the survival functions. In Efron's original publication [5] , the largest observation is assumed to be uncensored where the Kaplan-Meier estimate of the survival function drops to zero. This is not suitable in our situation as most of the combinations' survival curves show a positive value by the time survival data are released.
The C-indices of prognostic systems generated by two approaches are slightly higher than that generated by the TNM. And the p-value of the test [10] for testing the difference between C-indices of TNM and EACCD-D e and between C-indices of TNM and EACCD-D c is 
Prognostic Factors Levels Criteria
Tumor Size (T)
Tis Carcinoma in situ T1
Tumor 2 cm or less in greatest dimension T2 Tumor more than 2 cm but not more than 5 cm in greatest dimension T3
Tumor more than 5 cm in greatest dimension
T4
Tumor of any size with direct extension to (a) chest wall or (b) skin, only as described below T4a Extension to chest wall, not including pectoralis muscle T4b Edema (including peau dÃćâĆňâĎćorange) or ulceration of the skin of the breast, or satellite skin nodules confined to the same breast T4c Both T4a and T4b T4d Inflammatory carcinoma Regional Positive Lymph Nodes (N) N0
No regional lymph node metastasis histologically N1 Metastasis in 1 to 3 axillary lymph nodes, and/or in internal mammary nodes with microscopic disease detected by sentinel lymph node dissection but not clinically apparent N2 Metastasis in 4 to 9 axillary lymph nodes, or in clinically apparent internal mammary lymph nodes in the absence of axillary lymph node metastasis N3 Metastasis in 10 or more axillary lymph nodes, or in infraclavicular lymph nodes, or in clinically apparent ipsilateral internal mammary lymph nodes in the presence of 1 or more positive axillary lymph nodes; or in more than 3 axillary lymph nodes with clinically negative microscopic metastasis in internal mammary lymph nodes; or in ipsilateral supraclavicular lymph nodes
Distant metastasis TisN0M0  Stage I  T1N0M0 Group 2  T1N0M0  T1N0M0   Stage IIA  T1N1M0  T2N0M0  Group 3   T1N1M0  T2N0M0  T3N0M0   T1N1M0  T2N0M0  T3N0M0   Stage IIB  T2N1M0  T3N0M0  Group 4   T1N2M0  T2N1M0  T3N1M0   T2N1M0   Stage IIIA   T1N2M0  T2N2M0  T3N1M0  T3N2M0   Group 5   T1N3M0  T2N2M0  T3N2M0  T4N0M0   T1N2M0  T3N1M0   Stage IIIB   T4N0M0  T4N1M0  T4N2M0   Group 6   T2N3M0  T3N3M0  T4N1M0  T4N2M0   T1N3M0  T2N2M0  T3N2M0  T4N0M0   Stage IIIC   T1N3M0  T2N3M0  T3N3M0  T4N3M0   Group 7  T4N3M0   T2N3M0  T3N3M0  T4N1M0  T4N2M0  T4N3M0 1XPEHU RI *URXSV Figure 4 : C-index curves for EACCD-D e , EACCD-D c , and their corresponding values at n*(=7) using the dendrograms in Fig. 3(a) and (b) .
0.352 and 0.000128, respectively. These indicate that the prediction accuracies of the two proposed approaches are at least as high as teh TNM. In addition, our systems are preferred in terms of the relationships between survival curves. For example, in the TNM, T1N3M0 (stage IIIC) is in a less favorable stage than T4N2M0 (stage IIIB), which contradicts their survival behaviors shown in Fig. 2 . But in EACCD, T1N3M0 is in a more favorable prognostic group than T4N2M0. Moreover, survival curves of stage IIIB and IIIC in the TNM cross around year 8, which obscures the order of severity of the two staging groups. In contrast, neither one of our systems demonstrates crossing over. The two approaches introduced in this paper are expected to provide similar results as both employ the estimates of the Mann-Whitney parameter. However, they produce estimates differently and each has its own advantages and disadvantages. D e uses all information of the Kaplan-Meier survival functions, but the tails are sensitive to the unstable end part of the Kaplan-Meier survival functions. Adding tails tends to amplify this instability. On the other hand, D c avoids this instability issue by choosing a proper τ to truncate the unstable part of the Kaplan-Meier survival functions, which could lead to a better performance. In fact, the prognostic system in Fig. 3(d) (EACCD-D c ) has a higher prediction accuracy than the one in Fig. 3 (c) (EACCD-D e ) (The p-value from testing the difference between the two C-indices is 2.576 × 10 −9 .). However, the approach D c could miss certain information on survival on the tail part. The optimal choice of τ will be explored in our future work.
